We present results from three recent XMM-Newton observations of GX 339−4 in the low/hard state, taken during the decay of a bright (peak ∼ 0.05 L Edd ) failed outburst. Uniquely, these are the first XMM-Newton EPIC-pn observations of this source using an imaging mode, which significantly enhances the quality of the data at hand. In particular, thanks to the larger available bandpass, this allows an unprecedented constraint of the thermal accretion disc component, and the level of photoelectric absorption. We simultaneously measured the inner radius of the accretion disc via the broadened Fe Kα line and the disc component. The two methods agree, and the measured radii show good consistency over the three epochs. We find that the inner radius is at 20-30 r g , adding to the growing direct evidence for truncation of the inner accretion disc in the low/hard state.
INTRODUCTION
One of the most debated topics in the black hole X-ray binary (BHXRB) community is the accretion geometry in the canonical low/hard (hereafter 'hard') state. The majority of BHXRBs exhibit bright (up to LX ∼ L Edd ) outbursts, which are separated by long periods of quiescence. During an outburst, a source transitions between the hard state, dominated by a hard power-law component peaking at ∼ 100 keV, and the soft state, where the spectrum peaks around ∼ 1 keV, and instead displays a quasiblackbody shape. Outbursts always begin and end in the hard state (see Remillard & McClintock 2006; Fender & Belloni 2012 for recent reviews of BHXRB states). Some models predict that in quiescence ( 10 −6 L Edd ) the accretion disc is substantially truncated (> 100 rg; Narayan et al. 1996; Esin et al. 1997) , and in the soft state there is strong evidence that the accretion disc is at the innermost stable circular orbit (ISCO; Gierliński & Done 2004; Steiner et al. 2010; Dunn et al. 2011) . It is likely, therefore, that the hard state represents a period of transition in the accretion geometry, but when, and how, this occurs, is of much debate.
The truncated disc model is based around the radiatively inefficient flow solutions (e.g. ADAFs; see Yuan & Narayan 2014 for a recent review), which are able to successfully explain accretion at very lowṀ . In this regime, the truncated disc gradually penetrates further into the hot flow as the accretion rate rises (Remillard & McClintock 2006; Done et al. 2007 ). This is able to explain a number of observables at increasing accretion rates; such as the softening of the power-law component, low reflection fractions, and the increase of characteristic frequencies in the power spectra (van der Klis 2006; Done et al. 2007; Plant et al. 2014a ).
However, direct measurements of the inner disc radius have provided conflicting evidence as to whether the disc is truncated or not in the hard state.
The two leading spectroscopic methods to measure the disc inner radius come via the thermal accretion disc component and the broadened Fe Kα line (see McClintock et al. 2011 and Reynolds 2013 for the details of these two techniques). Attempts to determine the inner radius of the disc in this manner have led to conflicting results; some evidence suggests that the accretion disc may be at the ISCO at as low as 10 −3 L Edd (Rykoff et al. 2007; Tomsick et al. 2008; Reis et al. 2010) , whereas other works, sometimes re-analysing the same data, suggest the accretion disc may truncated throughout the hard state (e.g. Gierliński et al. 2008; Done & Diaz Trigo 2010; Plant et al. 2014b; Kolehmainen et al. 2014) . Key to resolving this debate is simultaneous measurements of the inner disc radius using the two methods. However, a recent study by Kolehmainen et al. (2014) , using XMM-Newton EPIC-pn timing mode observations of four BHXRBs, found the disc and reflection derived inner radii to be inconsistent.
In this letter, we simultaneously measure the disc and reflection inner radius using three recent XMM-Newton observations of the black hole GX 339−4 taken in the EPIC-pn small window science mode. These data can potentially achieve a much better constraint on the accretion disc component due to the unprecedented bandpass calibration down to ∼ 0.4 keV, thus offering the most stringent test yet of the truncated disc model. In §2 we introduce the observations and the data reduction procedure, and then present our analysis in §3. We find that both methods agree that the accre- tion disc is truncated, and the impact of this result is discussed in §4.
OBSERVATIONS AND DATA REDUCTION
GX 339-4 was observed three times with XMM-Newton over a period of three days (Table 1 ). These observations took place during the decay of a failed outburst, which reached a peak X-ray luminosity of ∼ 0.05 L Edd (Fig. 1) . The EPIC-pn and EPIC-MOS cameras were operated in their small window modes, and the 'thin' optical blocking filter was used. For this analysis we only used the EPICpn data, since the EPIC-MOS suffers significantly more from the effects of pile-up (by a factor of > 5: XMM Users Handbook). Using the XMM-Newton Science Analysis System (SAS) version 13.5.0, the raw observation data files (ODFs) were reduced using the tool EPPROC, and the most recent current calibration files (CCFs) were applied. Spectra were extracted through EVSE-LECT, using a circular region centred on the source with a radius of 45 arcsec. Only single and double events (PATTERN≤4) were used, and bad pixels were ignored (#XMMEA EP and FLAG==0). Background regions were extracted using a circular region of the same size located away from the source. Using the standard tools, response and ancillary files were created (RMFGEN and ARFGEN), and the spectra were required to have at least 20 counts per channel using the FTOOL GRPPHA. The nominal calibrated bandpass of the EPIC-pn small window mode is 0.3-10 keV; however, we found there to be a strong residual in the pattern distributions created by EPATPLOT below 0.4 keV for all three observations. This was observed as a dip/peak in the single/double distributions, and has been observed a number of times in small window mode datasets. We expect the origin of these features to be from background noise, and they were greatly reduced, but still present, when a background event file was included (withbackgroundset=yes in EPAT- PLOT). The features were strongest in Observation 3, which occurred at the start of orbit 2530, thus it is likely that they are due to background radiation. We therefore applied a lower limit of 0.4 keV for all of the spectra, and we also ignored the 1.75-2.35 keV region where strong features were observed. These are often seen when observing bright sources, and are likely to be of instrumental origin. We applied the SAS tool EPATPLOT to all of the datasets to check for photon and pattern pile-up, which was found to be high in all three observations. To mitigate the pile-up we investigated a number of annulus extraction regions for the spectra, and found an inner cavity with a radius of 11.5 arcsec to be very acceptable. This reduced the estimated level of pile-up to to be less than 1 per cent for both the single and double events between 0.4-10 keV. All of the analysis in this letter was performed using XSPEC v.12.8.0, and all quoted errors are at the 90 per cent confidence level. We use the 'wilm' abundances and 'vern' cross-sections for all of the analysis. Table 2 ). There is a clear excess and edge around 7 keV, which strongly suggests an Fe emission line corresponding edge is present in the spectra. Solid, dash and dot-dash lines describe the total, DISKBB and NTHCOMP model components respectively.
ANALYSIS AND RESULTS
The hard state X-ray spectrum of BHXRBs is often successfully modelled with a power-law, which is most commonly associated with inverse Comptonisation of photons in a corona of hot (∼ 100 keV) electrons. Therefore, to begin, we fit each spectrum with an absorbed power-law (TBNEW FEO * POWERLAW in XSPEC; Wilms et al. 2000) . The fit was reasonable (χ 2 ν /ν = 1.43/5238; Table 2), and both the photon index and column density were typical for GX 339−4 in the hard state (e.g. Kolehmainen et al. 2014) .
However, a power-law is not a physical model, and can lead to an excess of photons a low energies. Assuming that the hard power-law tail arises through Comptonisation of disc photons, there should be a low-energy cut-off associated with the disc temperature. Thermal Comptonisation is the favoured interpretation for the hard state power-law (see Done et al. 2007 for a detailed review), thus we replaced the POWERLAW model with NTHCOMP (Zdziarski et al. 1996) . This model includes a high energy cutoff, parameterised by the electron temperature kTe, which we fixed to be 50 keV (Done et al. 2007 ). Because of the soft bandpass used in this study, this parameter could not be constrained, but the cut-off is not expected to be low enough to affect the spectrum <10 keV. This model also includes a low energy rollover, defined by a seed photon temperature kT bb , which we fixed to be 0.2 keV (a typical value for the hard state; Reis et al. 2010; Kolehmainen et al. 2014) . To this end, we also set the seed spectrum to be a disc-blackbody. The other free parameters were the photon index and normalisa- Table 2 ), but not significantly. A strong excess at ∼ 7 keV, and drop above 8.5 keV, were clear (Fig. 2) , suggesting that a significant amount of reflection was present, which is ubiquitously observed in the hard state of GX 339−4 (see e.g. Dunn et al. 2008; Plant et al. 2014a ). Also, an excess peaking at ∼ 1 keV, and a strong edge at 0.6 keV, were further clear residuals in the spectra. The excess at ∼ 1 keV is likely to be due to thermal emission from the accretion disc, which is often observed from hard state sources with soft X-ray instruments (Miller et al. 2006; Reis et al. 2010; Kolehmainen et al. 2014) . We therefore added a multi-colour disc-blackbody model (DISKBB; Mitsuda et al. 1984) , which considerably improved the fit (χ 2 ν /ν=1.22/5232; Table 2 ). The disc component contributes ∼ 17 per cent of the total unabsorbed 0.4-10 keV flux.
However, the fit was still poor < 0.7 keV (Fig. 2) , the main cause of which was a strong edge-like feature at ∼ 0.6 keV, coincident with the O K edge at 0.54 keV (see e.g. Wilms et al. 2000) . We therefore allowed the O abundance to be a free parameter, which further improved the fit (χ 2 ν /ν=1.17/5229; Table 2 ). All of the observations settled on an O abundance of ∼ 1.34, and meant that the soft bandpass was now excellently fit (χ 2 ν =1.04 below 5 keV). As can be seen in Fig. 2 , a strong Fe Kα emission line and corresponding edge were still present in the spectra. To model this we added the X-ray reflection model RELXILL (García et al. 2014) , which combines the relativistic RELCONV code of Dauser et al. (2010) with the angle-resolved X-ray reflection table XILLVER of García et al. (2013) . This represents the first code to prescribe the correct reflection spectrum for each relativistically calculated emission angle, as opposed to the usual relativistic convolution treatment to the spectrum (e.g. RELCONV * XILLVER).
We fixed the spin to be 0.9 1 , and assumed an emissivity profile Figure 3 . Unfolded spectra and model residuals to the best-fit continuum+reflection model (Table 3) , which represents an excellent fit over the entire bandpass. Solid, dash, dot-dash and dotted lines describe the total, DISKBB, NTHCOMP and RELXILL model components respectively. . The inner radius of the accretion disc, fitted by the disc (x-axis) and reflection (y-axis) components (Table 3 ). The dot-dash line indicates the innermost stable circular orbit for a zero spin black hole, showing that both methods, from all three observations, are consistent with a truncated accretion disc.
of R −3 . We also linked the photon index in NTHCOMP to the illuminating index in RELXILL. The ionisation parameter ξ, the disc inner radius rin, and the model normalisation were all fitted freely. Finally, the inclination was fitted jointly by the three spectra. For all three observations the inner radius was found to be moderately truncated at ∼ 20 rg, and the fit was excellent over the whole bandpass (χ 2 ν =1.02/5219; Fig. 3 ). Given the excellent constraint on the disc emission allowed by the 0.4-10 keV bandpass, we were able to compare how the inner radius derived from the disc component compares to that from the reflection. The normalisation of DISKBB is defined as
where D is the distance to the source in units of 10 kpc, rin is the disc inner radius in km, and i is the inclination of the disc, which we assumed to be the same as fitted by the reflection component (Table 3 ). The 1.19 factor accounts for the spectral hardening factor f col and that Tin occurs at a radius somewhat larger than rin (Kubota et al. 1998) . We find that the inner radii derived from the disc and reflection are very consistent. To probe this connection further we performed a Markov Chain Monte Carlo (MCMC) analysis on the best-fit parameters. Six 55,000 element chains were produced, of which the first 5000 elements were discarded ('burnt'). Each chain was run from a random perturbation away from the best fit, and the chain proposal was taken from the diagonal of the subsequent covariance matrix. The probability distributions were assumed to be Gaussian, and a rescaling factor of 5 × 10 −4 was applied. The confidence limits derived from the resultant 300,000 element chain are presented in Table 3 .
The agreement between the inner radii calculated from the reflection and disc components is very good, despite the relatively short exposure of the data. Figure 4 compares the respective radii and presents compelling evidence that the inner disc is truncated at 20-30 rg. Furthermore, the disc component radii are extremely consistent between the three observations, despite the weakness of the component in the hard state. The confidence limits of the reflection radii are larger, but still good considering the relatively short exposures and low flux of the system.
Recent works have shown that the emissivity profile is complex close to the black hole (< 10 rg; Wilkins & Fabian 2012; Dauser et al. 2013) . We therefore relaxed the assumption that the emissivity profile is R −3 ; however, rather than fitting a broken power-law emissivity, which is not at all physical, we instead switched to an additional version of RELXILL called RELXILLLP. This model fits the height of the illuminating X-ray source, applying the corresponding emissivity profile to the reflection spectrum García et al. 2014 ). This model can also self-consistently fit the power-law and reflection components, ensuring that the correct reflection fraction is computed as a function of source height and disc inner radius. We therefore removed NTH-COMP and allowed RELXILLLP to self-consistently fit the two components. We find that the results are very consistent with those assuming R −3 , and the fit is improved (∆χ 2 = −21; Table 4 ). In particular, the disc inner radius fitted from both the disc and reflection components is almost unchanged. The fitted source height h is consistent within errors over the three observations, and is measured to be at 14-70 rg (90 per cent confidence). The constraint on h is poor since the emissivity profiles of a broad range of source heights converge at the values of rin being fitted . Much better constraints on h should be possible at higher accretion rates when the disc is expected to be less truncated.
DISCUSSION AND CONCLUSIONS
In this letter, we have presented analysis of three recent observations of GX 339−4 in the hard state during the decay phase of a failed outburst. These observations utilised the small window science mode, and represent one of the first hard state observations of a black hole using an XMM-Newton EPIC-pn imaging mode. Table 3 . The inclination parameter was again fitted jointly between the three spectra.
This presents a well calibrated bandpass down to 0.4 keV, whereas the fast modes that are usually employed are restricted to above 0.7 keV. The result is an unprecedented view of the accretion disc component, which typically peaks at ∼ 0.2 keV in the hard state. This also removes the calibration uncertainties associated with the fast modes; such as reliable pile-up correction (see Miller et al. 2010) , the lack of source-free background regions (Ng et al. 2010) , and issues with charge-transfer inefficiency at high count rates (Walton et al. 2012) .
Aided by the excellent constraint of the disc component we were able to measure the inner radius from both the disc and reflection components, which both agree on a moderately truncated inner disc. The jointly fit inclination is, however, smaller than expected, given the mass function constraint of Muñoz-Darias et al. (2008) . As shown in Plant et al. (2014b) , a higher fitted inclination would act to increase the reflection inner radius, since the larger doppler shifts at higher inclination broaden the Fe profile. We performed fits with larger fixed values of i, which confirmed that the fitted reflection inner radius does indeed increase. The fitted radii are considerably smaller than those found in the hard state of GX 339−4 by Plant et al. (2014b) and Kolehmainen et al. (2014) ; however, this is, at least in part, due to the smaller inclination. From Eq. 1, it is clear that larger i would have the same effect on the inner radius measured by the disc component.
To conclude, this is the first time that the disc and reflection methods have been able to simultaneously test truncation of the inner accretion disc in the hard state. This adds to recent direct evidence for truncation in the hard state, which together are finally establishing certainty in the hard state accretion geometry.
